Abstract -Square planar dialkyl complexes of nickel, palladium and platinum exhibit intriguing difference in their reactivities. Thermolysis pathways of these dialkyls vary depending on the metal, ligands, alkyl groups, geometry as well as the presence or absence of added ligand. Kinetic studies on the thermolysis and trans-cis isomerizations of PdR,L2 (L = tertiary phosphine) complexes showed involvement of -, 4-, and 5-coordinate intermediates. Effects of constraint of these geometries on the reaction pathways to induce reductive elimination or s-hydrogen elimination are discussed. Reactions of these dialkyl complexes with carbon monoxide give different products depending on the metal, geometry and the alkyl groups. Reaction courses of PdR,L2 type complexes with carbon monoxide can be accounted fo consistently by assuming the alkyl migration to the coordinated CO ligand. Based on the information obtained in the basic studies novel catalytic systems promoted by palladium complexes converting organic halides, CO and amines into a-keto amides have been developed.
INTRODUCTION
Comparison of the chemistry of organonickel, -palladium, and -platinum complexes reveals intriguing difference in their reactivities (Ref. 1) . In contrast to alkylplatinum compounds which have been known as stable complexes since the first preparation as old as 1907 (Ref. 2) the first thermally stable alkylpalladium compound having supporting ligands was prepared only half a century later (Ref. 3) followed by preparation of alkylnickel complexes (Ref. 4) .
Why can some transition metal alkyls exist as stable compounds while others cannot ? What are determinant factors controlling the stability and reactivities of transition metal alkyls ? These are fundamental problems in organotransition metal chemistry. However, as most fundamental problems are difficult to answer, these problems concerning the stability and reactivities of transition metal alkyls still largely remain to be solved. A key to these problems may be obtained by kinetic studies of thermolysis and other reactions of isolated transition metal alkyls.
THERMOLYSIS PATHWAYS
Dialkyl compounds of Ni(II), Pd(II) and Pt(II) having supporting ligands such as tertiary phosphines and bipyridine form square planar complexes. These compounds can be prepared by treating divalent metal halides or acetylacetonates with alkylating agents such as alkyllithium, -magnesium and -aluminum compounds in the presence of the ligands. The isolated and wellcharacterized alkyls are summarized in Table 1 . While chelating ligands such as bipyridine and ditertiary phosphines restrict the configurations of these square planar complexes to cis, monodentate tertiary phosphines give rise to the possibility of forming cis and trans geometrical isomers. The cis geometry is strongly preferred by dialkylplatinum complexes having monodentate tertiary phosphine ligands, whereas only trans isomers are known for the nickel analogue and both cis and trans isomers have been prepared for palladium analogues. The geometry preference is considered to be associated with the balance in enthalpy and entropy factors. In relation to stabilities of these dialkyl complexes we have been interested in understanding the thermolysis courses of these complexes in the presence and absence of other ligands. Two thermolysis pathways are most important in relation to application of these complexes to organic synthesis. These are reductive elimination associated with C-C bond formation and s-hydrogen elimination relevant to synthesis of olefinic compounds.
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A now classical example is the reductive elimination of two alkyl groups from NiR2 (bipy) caused by heat and accelerated by addition of electronegative olefins, which serve as ir-acids to promote the thermolysis (Ref. 4, 5) .
The reductive elimination is also promoted by addition of aryl halide which oxidatively adds to nickel to form arylnickel halide complexes (Ref. 6).
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The process was developed to a useful synthetic method for catalyzing C-C coupling reactions between aryl or alkenyl halides and alkyl Grignard reagents (Ref.
Application of the similar concept to dihalogenated arenes has led to the development of a novel polycondensation method to form polyarene (Ref. 8) .
The polyarenes can be converted into electron-conducting polymers on doping with iodine and other electron donating agents.
Palladium complexes also catalyze the C-C coupling reaction (Ref. 9) whereas the platinum analogues are inactive.
The reason for inactivity of platinum complexes may be associated with the stability of dialkyl-and alkylarylplatinum complexes and their propensity to decompose by s-elimination pathways. Detailed studies on thermolysis of symmetrical and unsymmetrical dialkyiplatinum complexes having two tertiary
revealed that the thermolysis proceeds in the absence of he added tertiary phosphine via a dissociative mechanism (Ref. 10). The thermolysis products are only those obtained by disproportionation of the two alkyl groups via s-hydrogen elimination.
s-elimination at Rb
The ratios of RaH/Ra(_H) and R (-H)/RbH generated in thermolysis of cisPtRRb(PPh3)2 in the absence o added PPh3 were found to be identical with the ratio of numbers of -hydrogens in the two alkyl groups. The results suggest that the thermolysis proceeds through a dissociative path involving the rate-determining step of the ligand dissociation to give an unstable three-coordinate T-shaped intermediate in agreement with the conclusion of Whitesides (Ref. 11) . Based on the results of the thermolysis product analysis, kinetic studies and isotopic studies using cis-Pt(CH,CD3) (n-C3H7)-(PPh3)., the following dissociative mechanism has been proposes for thermolysis of cis-PtEt(n-Pr) (PPh3)2.
Scheme I A thermolysis mechanism of cis-PtEt(n-Pr) (PPh3)2 in the absence of added PPh3 ligand The isomerization is accelerated by addition of cis-PdMe2L,, (Ref. 13) and MgMe or MgMeBr (Ref. 15 ). On the basis of studies using D-labelled complexes involvement of bimolecular mechanisms proceeding tIrough methylbridged intermediates as shown below has been proposed.
Trans-cis isomerization is promoted also by addition of alkyllithium. In this case, however, involvement of alkylpalladate complexes was indicated on the basis of NMR study (Ref. 16) .
cis-PdMe2L2
In these trans-cis isomerizations and reductive elimination from cis-PdR2L2 kinetic studies indicated the involvement of T-shaped three-coordite intermediates and presence of a potential barrier for direct polytopal rearrangement between the T-shaped cis-PdR2L and trans-PdR2L.
A theoretical support for the behavior of the putative planar three-coordinate T-shaped species has been given by calculations based on extended lIMO (Ref.
17)
These reactions are all considered to proceed under constraint of planar geometry for Pd(II) complexes. On the other hand irradiation of light promotes the cis-trans isomerization as well as the decomposition of PdEt)L2 to liberate ethylene, ethane, and butane in a 2 2 : 1 ratio. The resulf was accounted for by assuming a tetrahedral PEt2L2 as the common intermediate
In relation to the photolysis of palladium dialkyls photolysis of palladacyclopentane was examined and compared with thermolysis behavior of the palladacycle. Thermolysis of bis (dimethylphenylphosphine)palladacyclopentane, prepared from PdCl2(PMePh)2 and 1,4-dilithiobutane, was carried out in toluene at 70 °C. 1-Butene was liberated as the major thermolysis product accompanied by a minor amount of cyclobutane (eq. 16). No ethylene, butane, or 2-butene was detected.
The decomposition course is dramatically altered on photolysis. Ethylene is formed as the predominant photolysis product with minor amounts of 1-butene and cyclobutane (eq. 17).
These results are consistent with assumption of the photoactivated 
Obviously The results of these thermolysis experiments indicate diversified features in behavior of square planar complexes of nickel, palladium and platinum congeners having two alkyl or aryl groups. Despite the diversified features, several important conclusions relevant to catalytic C-C bond formation emerge from studies of reductive eliminations of the nickel triad.
(a) For reductive elimination to proceed organic groups to be eliminated should be brought into adjacent coordination sites in four-or fivecoordinate species. This is an obvious requirement but sometimes overlooked in discussions of stabilities and reaction courses of organotransition metal complexes. A corollary of this requirement is that rearrangement of the geometry such as trans-cis or square planar-tetrahedral isomerization should precede the reductive elimination.
(b) Constraint of the square planar geometry is stronger for platinum and palladium complexes than for nickel analogues which have greater inclination to form the five-coordinate or tetrahedral intermediates. These differences in the behavior of diorgano complexes of Ni(II), Pd(II) and Pt(II) influence strongly the activity and selectivity of catalytic reactions promoted by these complexes of the nickel triad as described below.
REACTIONS OF CO WITH MR2L2 TYPE COMPLEXES
As the thermolysis behavior of MR2L2 varies depending on the metal, the alkyl group, the nature of the supporting ligands and the configuration of the complexes, reactivities of the dialkyl complexes of the nickel triad toward unsaturated compounds such as carbon monoxide and olef ins vary considerably. The platinum dialkyls are least reactive toward carbon monoxide and cis-PtMe2L2 has been reported to give biacetyl ( 
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Formation of MeCOCOMe only from cis-PdMe2L.) and not from trans-PdMe2L is consistent with the configurational stabiltty of the alkyl-acyl interfediates (Ref. 24) . The diketone formation is explicable by further CO insertion into the T-shaped "trans"-PdMe(MeCO)L intermediate [C] to give a bis(acetyl)-palladium species and the subsequent reductive elimination of the two acetyl groups (eq. 26), while the other T-shaped "g.j" -PdMe(COMe)L species [Dl produced from trans-PdMe2L2 would immediately reductively eliminate acetone (eq. 27).
[B] Thus all the reaction products in eqs. (21)- (23) can be accounted for consistently by assuming stereochemical retention in replacement of the tertiary phosphine ligand by CO, alkyl migration to the coordinated CO and stereochemical constraint of the T-shaped geometry on the reaction pathways.
Behavior of dialkylnickel complexes somewhat differs from that of the corresponding palladium analogues. For dialkylnickel complexes distribution of reaction products with carbon monoxide appears to be related with stabilities of the nickel-alkyl bonds (Ref s. 25, 26) . The dimethylnickel complexes, trans-NiMe2(PEt)2, NiMe2(bipy), and NiMe2(dppe) all give acetone quantitatively on treatment with atmospheric pressure of Co at room temperature, whereas at lower temperatures 2,3-butanedione is formed, the yield increasing with relative stability of the dimethylnickel complex employed for the reaction. The reactions most probably proceed by CO insertion into the Ni-Me bond to give an acetyl-methylnickel species. If this species is unstable and readily undergoes the reductive elimination, acetone is formed. At lower temperature the acetyl-methyl intermediate may further react with CO to give a bis(acetyl)nickel species which on reductive elimination would liberate the diketone. Support for the intermediacy of the acetylnickel species was obtained by confirming formation of MeCOEt on treatment of the reaction system with C2H5Br. Reaction products of CO with diethylnickel complexes differ depending on the ligand. A bipyridine-coordinated diethyl complex, NiEt2(bipy) produces diethylketone, whereas the dppe-coordinated complex NiEt2(dppe) affords propionaldehyde and ethylene.
The difference in the reactivities between NiEt (bipy) and NiEt (dppe) toward CO may be related to the difference in te thermolysis bhavior of these diethyl complexes. As mentioned earlier NiEt2(bipy) liberates butane on thermolysis, whereas NiEt2(dppe) gives ethylene and ethane in a 1 : 1 ratio.
The ease of formation of ketones by the reactions of dialkylnickel complexes with Co at room temperature prompted us to develop a new synthetic method of ketones and tertiary alcohols from Grignard reagent RMgX, alkyl(or aryl)halide R'X and CO by using nickel complexes as catalysts (Ref s. 26, 27 ). In these reactions quaternary ammonium salts R'2NH2X and some tetraalkyl oxamides are produced as byproducts.
NiY2L2
Clearly the reaction to give the a-keto amides proceeds through CO insertion into the Pd-R bond. The reaction of trans-PdMe(I) (PMePh ) with Et NH and 1 atm of CO in toluene at room temperature afforded MeCOOEt, and eCONEt2 in a 8 : 2 ratio in the combined yield of 50% and trans-Pd(CO11e)I(PMePh2)2 was recovered from the reaction system. Further reaction of the isolated acetylpalladium complex with Et.,NH and 10 atm of CO gave MeCOCONEt2 and MeCONEt2 in a 9 : 1 ratio in 98 yields.
For the process to give the a-keto amides two pathways are conceivable. One is consecutive CO insertion into the Pd-C bond to give a RCOCO-Pd(X)L2 species which may be trapped by amines to liberate the ct-keto amides.
The other route is attack of the coordinated Co ligand by amine to give a carbamoylpalladium species which liberates ct-keto amide on reductive elimination (Ref. 28) .
Although the consecutive CO insertion mechanism is thermodynamically unfavorable, formation of m-keto amides may be still possible, if the RCOCO-Pd entity is highly reactive toward amine. For examining the feasibility of the consecutive CO insertion mechanism trans-Pd (COCOR)C1L2 (R = Me, Ph; L = PMePh2) were prepared and their reactivities with Et2NH were examined (Ref. 29).
The methyl-and phenylglyoxylpalladium complexes were found to be readily decarbonylated to the corresponding acylpalladium complexes obeying the firstorder kinetics in concentrations of the palladium complexes.
Interestingly, treatment of the pyruvoylpalladium complex with Et2NH predominantly gave acetamide, whereas similar treatment of acetylpalladium complex with CO and Et2NH generated pyruvamide as the major product.
Ii
These results are against the consecutive CO insertion mechanism. On the other hand, several lines of experimental evidence support the mechanism involving formation of planar acyl-carbamoyl intermediates in the double carbonylation reaction (Ref. 30 ).
In the reactions of trans-Pd(COR)X(PMePh2)., (R = Ph, X = Cl, Br, and I; R = Me, X = Cl) with CO and amides, benzoytpalladium complexes having bromide and iodide ligands gave better yields of a-keto amides in solvents of higher polarities, whereas the reaction of benzoyl(chloro)palladium complex afforded higher yields of ct-keto amide in less polar solvents. From these studies involvement of two types of reaction intermediates was suggested.
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OLle involves an ionic benzoyl(carbonyl)palladium intermediate [PhCOPd(Co)L2] -X attacked by amine to give aroyl-carbamoyl species, which reductively eliminates o-keto amide (eq. 40), while the other proceeds through a neutral
Evidence to (42)
The result confirms that the CO entity in the -CONR' group of a-keto amide is derived from carbon monoxide and the c-keto carboyl group in the o-keto amide originates from the benzoyl group without involvement of any decarbonylation and its reverse CO insertion processes.
CATALYTIC DOUBLE CARBONYLATION
On the basis of stoichiometric reactions of organopalladium complexes described above, a novel catalytic process for converting aryl (and alkenyl) halides to c-keto amides has been developed (Ref. 31) ArX + 2C0 + 2R'2NH Pd-catalyst> ArCOCONR'2 + R'2NH2X
The catalytic process is comprised of the following elementary steps: (a) oxidative addition of aryl halide to a Pd(0) species to g.ive an arylpalladium halide complex, (b) CO insertion into the aryl-palladium bond to give an aroylpalladium species, (c) further CO coordination, (d) attack of amine on
R' 2NH
the coordinated Co ligand to give a carbainoyl species, and (e) reductive elimination of the aroyl-carbamoyl grups to liberate a-keto amide and regenerate a Pd(O) species which further undergoes the oxidative addition to carry the catalytic process. The main catalytic process to give o-keto amide may be represented by Fig. 1 .
Pd(CO)L ArX (a' Fig. 1 Proposed mechanism of ArCOPd(CONR'2)L2 ArPdXL2 double carbonylation of aryl halide R'2NH2X4 CO in the presence of secondary amine.
For the catalytic formation of amides produced as by-products aryl(carbamoyl)-palladium species seems to be involved (Ref. 32).
The catalytic double carbonylation reaction can be applied not only to aryl halides but also to alkenyl halides and halides of heterocyclic compounds. Representative examples are shown below.
PdCl2 (PMePh2) The most promising application of the double carbonylation process is the synthesis of ct-amino acids.
H2
-> RCHCOOH
NH2
Synthesis of ct-amino acids from ct-keto acids is a well established process but the development of this route has been hindered by lack of a suitable general preparative method for preparation of ct-keto acids. Since the catalytic double carbonylation process can by applied to a wide range of organic halides, it may be utilized as one of the general synthetic methods to ct-amino acids. 
